A genetic cross was constructed from two parental inbred strains of mice, NZB/B1NJ and SM/J, which differ markedly in their plasma lipoprotein levels. Plasma lipid and apolipoprotein values were measured in 184 F2 progeny on a normal chow diet and on an atherogenic diet. Genetic markers were typed at 126 loci spanning all chromosomes except the Y. Statistical analysis revealed significant linkage or suggestive linkage of lipoprotein levels with markers on a number of chromosomes. Chromosome 1 markers were linked to levels of total cholesterol (lod 5.9) and high density lipoprotein (HDL) cholesterol (lod 8
Introduction
The compositions and plasma levels of lipoproteins are strongly associated with atherosclerosis, a primary cause of heart disease and stroke. Thus, high levels of atherogenic lipoproteins, including low density and very low density lipoproteins (LDL and VLDL, respectively), are a prerequisite for most forms of cardiovascular disease. High density lipoprotein (HDL) levels, on the other hand, are inversely correlated with cardiovascular disease. Two approaches have proven useful in identifying the underlying genetic factors and biochemical pathways contributing to variations in atherosclerosis-related phenotypes. The first is the analysis of relatively rare Mendelian syndromes, such as familial hypercholesterolemia (1) , familial hypobetalipopro-teinemia (2) , lipoprotein lipase deficiency (3), cholesterol ester transfer protein deficiency (4) , and others (5, 6) . However, such monogenic syndromes account for only a small fraction of the variance in plasma lipoproteins seen in the population. A second approach is to examine polymorphisms associated with "candidate genes" which are defined by biochemical studies of lipoprotein transport, either in whole populations (association studies) or families (linkage studies) (7) . This approach has provided evidence that relatively subtle genetic variations in the genes for several apolipoproteins, lipases, lipid transfer proteins, and lipoprotein receptors contribute additively or cumulatively to lipoprotein metabolism. For example, the three major alleles of apolipoprotein E (apoE) which occur in the population have a significant influence over plasma cholesterol levels (8, 9) . Both of the approaches described above are limited by their dependence on a previous understanding of biochemically defined genes and pathways. Thus, despite intensive investigation, it appears that only a small fraction of the variance found in human plasma lipoprotein levels can be explained by known genetic factors (10) .
A third approach to the analysis of lipoprotein metabolism and other complex traits, termed quantitative trait locus mapping (QTL),1 has recently been developed using animal and plant models (11) (12) (13) (14) . The problems associated with genetic and environmental heterogeneity can be avoided through the use of animal models, and the development of numerous informative genetic markers in several animal species has made it feasible to analyze all regions of the mammalian genome. Excellent rodent models for several traits relevant to atherosclerosis are now available, including type 1 diabetes, type 2 diabetes, obesity, autoimmune disease, and hypertension ( 15 ) . Genetic studies with these models have resulted in the identification of new chromosomal loci contributing to type 1 diabetes (16) , obesity (17) (18) (19) , and hypertension (20, 21) . Similar genome-wide searches can be performed for complex traits in humans, although there are additional complications for linkage and for subsequent gene identification (14) .
We now report the analysis of genetic factors for lipoprotein metabolism using a complete linkage map approach in the mouse. A cross between two inbred strains of mice, which differ strikingly in several lipoprotein parameters, was analyzed with respect to plasma lipoprotein and apolipoprotein levels on both a normal chow diet and an atherogenic diet high in fat and cholesterol. The results suggest possible functions for several known candidate genes and demonstrate the existence of several novel genetic loci not corresponding to any previously identified 
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genes. We have examined in detail the expression of one candidate gene, apolipoprotein All (apoAII), which exhibited very significant linkage to both plasma apoAll protein levels and HDL cholesterol levels.
Methods
Animals and diets. SM/J (SM) and NZB/B1NJ (NZB) mice were obtained from The Jackson Laboratory (Bar Harbor, ME). NZB females were mated with SM males to produce the Fl progeny, and the F2 animals were produced through brother sister matings among the F1 animals. After weaning at 21 d, mice were individually housed in plastic cages with free access to food and water throughout the course of the study. All animals, parental as well as Fl and F2, were initially maintained on a normal chow diet (Purina 5001 chow) containing 4.5% fat. Plasma samples were collected at ages ranging from 3 to 5 mo and after a 12-h fast. All mice were then fed a moderate fat, high cholesterol diet (Teklad 90221; Teklad Premier Laboratory Diets, Madison, WI), containing 30% of calories as fat (22) . The diet contains by weight 7 .5% cocoa butter, 1 .25% cholesterol, and 0.5% cholic acid with a total fat content of 15%. Plasma samples were collected after 5 wk. Other methods were as described previously (23) .
Lipoprotein measurements. Plasma total cholesterol, HDL, triglyceride (TG), and free fatty acid (FFA) concentrations were determined by enzymatic methods using colorimetric end points, essentially as previously described (23).
Plasma lipoproteins from pooled plasma samples from NZB and SM were fractionated using an FPLC system (Pharmacia LKB Biotechnology, Piscataway, NJ) with two Superose 6 columns in series. 0.5-ml fractions were collected at a rate of 0.5 ml/min (24) . Cholesterol concentrations were determined in each fraction as described above.
Antibodies and immunoassays. Polyclonal rabbit anti-mouse apoAl and apoAll antibodies were generously provided by Dietrich Machleder (UCLA). Gel-purified apoAl and apoAll protein samples were supplied by Dr Plasma apolipoprotein concentrations were determined by immunoassays modified from those described previously (26) . apoAll immunoblots were prepared by electrophoresis of diluted plasma samples through SDS polyacrylamide gels (15% acrylamide) followed by electroblotting onto Hybond ECL membranes (Amersham Corp., Arlington Heights, IL) in 20 mM Tris, 150 mM glycine, pH 8.3 (TBS), at 11 V for 0.4 h. apoAl and apoAIV levels were determined by a slot blot procedure in which samples, diluted 100-fold in TBS (10 mM Tris, 0.9% NaCl), were applied to Hybond ECL membranes under vacuum followed by washing with -1 ml TBS. Blots were allowed to air dry for 30 min, treated with 15% H202 for 15 min to reduce background, and blocked for 24 h at 4°C (10% Carnation instant milk in TBS with 0.5% . The blots were then incubated with primary antibody solution, diluted either 1:2,500 (apoAII and apoAIV) or 1:7,500 (apoAI) in 1% milk, 0.1% Tween-20, for 12-24 h at room temperature with gentle shaking. Blots were washed in TBS, 0.3% Tween-20, incubated for 1-4 h with secondary antibody solution (1% milk in TBS, 0.1 % Tween-20, 1:7,500 dilution of ECL anti-rabbit IgG), and washed several times in TBS 0.3% Tween-20. Apolipoproteins were detected using a chemiluminescent procedure (Amersham ECL system) and quantitation was by densitometric measurement against a C57BL/6J pooled plasma standard of known protein concentration using a densitometer (SciScan model 5000; United States Biochemical, Cleveland, OH). Samples were measured in quadruplicate and expressed as milligrams of protein per deciliter. The protocol was demonstrated to be linear for the concentrations of apolipoproteins present within the range of samples tested.
Genotypic analysis. Genomic DNA was isolated from mouse organs (kidney, lung, and liver) as described previously (23). Genotyping was done primarily by PCR amplification of microsatellite markers (27, 28) using PCR primer pairs (MapPairsT) purchased from Research Genetics (Huntsville, AL). Primer pairs were tested for polymorphic bands between the SM and NZB parent strains (data not shown).
The Apoa2 gene marker was typed by Southern analysis using a mouse apoAII cDNA probe (26) . DNA from NZB and SM parental strains was tested for restriction fragment length variations (RFLV) using 20 enzymes (AvaIl, BamHI, BglII, DraI, EcoRI, EcoRV, HaeIII, HincIl, HindIII, Hinf I, KpnI, MspI, PstI, PvuII, RsaI, Sacd, SstI, TaqI, XbaI, and XmnI). RsaI revealed the only RFLV, with strain SM exhibiting a 1.4-kb band, NZB a 1.8-kb band, and Fl mice both bands. F2 mice were scored by digesting 5 ug of genomic DNA with RsaI, followed by Southern analysis as described previously (23).
Statistical analysis. Phenotypic values are presented as the mean±standard error (SE) of the mean. ANOVA, regression analysis, and correlation analysis were performed using the Statview II. (Abacus Concepts Inc., Berkeley, CA) application for the Macintosh computer. Linkage analysis among the microsatellite markers used was performed using the MAPMAKER program (29) , with genetic distances reported as recombination fractions. The MAPMAKER/QTL program (provided by S. Lincoln and E. Lander, Massachusetts Institute of Technology, Cambridge, MA) was used for QTL analysis as described for F2 intercrosses (11, 12) . Phenotypes were normalized using the log (trait) function or by correcting the data for age and sex differences among the F2 animals. A lod score 2 3 but < 5 was considered to be suggestive for linkage, and a lod score of 5 or greater was considered to be significant (see Discussion).
Northern analysis. Total liver RNA was isolated from NZB and SM mice kept on a normal chow diet and a high fat diet (30) . 10 Mg of each RNA sample was analyzed by Northern blotting as described previously (31 ) . The blots were probed with an apoAll cDNA fragment (26) . The blots were then stripped and rehybridized with either an 18s or 28s rRNA cDNA to normalize the signal. A total of 8 SM and 10 NZB mice were examined.
Rates of protein synthesis measurements. The relative rates of apoAII protein synthesis were determined for chow-fed NZB and SM parental animals using [35S] methionine incorporation into freshly isolated hepatocytes (26) . Separate hepatocyte isolates were obtained from three NZB females and two SM females. Aliquots of cells at times 0, 6, 12 , and 18 min after the addition of [35S] methionine for each animal were lysed. Each aliquot was immunoprecipitated with a rabbit antiapoAll antiserum. The immunoprecipitated aliquots were then reimmunoprecipitated with the anti-apoAll antiserum to ensure complete recovery of the apoAII. The immunoprecipitates were electrophoresed on a 14% acrylamide gel followed by fluorography (26) . Radioactivity incorporated into apoAII was determined by excising the appropriate regions of the dried gels and counting by liquid scintigraphy. The apoAII counts were normalized to the total protein synthesized for each time point.
Sequence analysis of apoAII mRNA. The cDNA strand was synthesized from total liver RNA isolated from parental NZB and SM animals using Moloney murine leukemia virus reverse transcriptase in a 50-Mul reaction containing 5 Mg of RNA and oligo(dT). 5 Ml of the cDNA reaction was PCR amplified in 100 Ml of buffer (10 mM Tris, pH 8.3, 50 mM KCl, 0.01% gelatin, 6.7 mM MgCl2, 5% DMSO, and 2.5 mM dNTPs) using Thermus aquaticus polymerase. The sequences of the amplification primers were based upon previously determined sequences of apoAll (26) . The sequence of the 5' primer was 5 '-GAATTCCAT-AGAATCGCAGCACTGTTCCT-3 '. and the sequence of the 3' primer was 5 '-GAATTCAACTCCTTCCGCATTTATT-3'. 30 
Results
Lipoprotein phenotypes ofparental strains NZB/BINJ and SM! J. Strains NZB and SM were chosen for construction of a genetic intercross because of their marked differences in lipoprotein levels (23) and fatty streak lesion development (32) . We characterized these strains for plasma levels of total cholesterol, HDL cholesterol, LDL plus VLDL cholesterol, triglycerides, and apolipoproteins AI, All, and AIV on both a normal chow diet and an atherogenic diet rich in fat and cholesterol ( Table I ). The atherogenic diet has been shown to produce fatty streak lesions in "susceptible" strains of mice, including SM, but not in "resistant" strains such as NZB. Plasma lipoproteins for SM and NZB were subjected to gel filtration analysis ( Fig. 1) .
On a chow diet, the total plasma cholesterol levels for strain NZB (166 mg/dl) were about 2.5-fold greater than those of strain SM (68 mg/dl). The bulk of this difference was due to HDL cholesterol levels which were 146 mg/dl in NZB and only 59 mg/dl in SM. The levels of LDL plus VLDL cholesterol in NZB mice (20 mg/dl) were also significantly elevated as compared with SM animals (9 mg/dl), whereas the levels of triglycerides and free fatty acids were similar ( Table I ). The levels of apoAl, the major protein of HDL, were only slightly higher in strain NZB (123 mg/dl) than for SM (98 mg/dl), suggesting that the HDL of NZB mice carry more cholesterol per particle than those of SM mice. This is supported by the results of gel filtration analysis which show that the HDL particles of NZB mice are larger than SM HDL (Fig. 1) . The levels of apoAII, the second most abundant HDL protein, differed dramatically between strains, with NZB exhibiting about a 10-fold greater plasma apoAIl level as compared with SM (21 and 2 mg/dl, respectively). The levels of apoAIV, a protein which also resides on HDL particles, as well as the more triglyceriderich lipoproteins, were very similar between the two strains (Table I) .
When maintained for 5 wk on a high fat diet, both strains exhibited large increases in their LDL plus VLDL cholesterol. There was an -25% fall in the HDL values for the SM mice on the high fat diet, whereas there was no significant change in HDL levels with diet in the NZB mice. However, the NZB males exhibited a small increase and the NZB females a small decrease in HDL values when placed on the high fat diet. In strain NZB, the LDL plus VLDL levels increased -8-fold as compared with the chow diet, whereas in strain SM the increase was substantially greater, -33-fold, providing a striking example of the genetic control governing the response to dietary challenge. On the high fat diet, the ratio of LDL plus VLDL cholesterol to HDL cholesterol was significantly greater in SM mice ( -6:1 ) as compared with NZB mice ( -1:1). The levels of triglycerides, free fatty acids, apoAl, and apoAll remained fairly constant on the two diets, whereas the levels of apoAIV increased about twofold in both strains (Table I) . value-standard error (SE), on a normal chow diet and after 5 wk on a high fat (hf) diet. Significant differences by sex were found via ANOVA for HDL cholesterol levels in both strains: SM (chow) P = 0.0280, SM (hf) P = 0.0017, NZB (chow) P = 0.0002, NZB (hf) P = 0.0003, and also for apoAl levels in the SM parent only (chow) P = 0.0564, (hf) P = 0.0007. All other P values were > 0.05. Sample sizes: SM n = 7, with SM females n = 3 and SM males n = 4; NZB n = 9, with NZB females n = 4 and NZB males n = 5. * These results were obtained from a separate experiment. n = 5 for HDL values from female SM mice on chow, and n = 6 for HDL values of SM mice on high fat diet. * These parental strain results are an estimate obtained from averaging the male and female results shown above.
In general, female mice are more prone to developing aortic fatty streak lesions when maintained on the high fat diet than are male mice (32) , and previous studies have also revealed a number of gender differences for lipoprotein levels in mice (24, 33, 34) . In this study, females tended to have lower levels of HDL cholesterol and apoAI on both chow and high fat diets and slightly elevated levels of LDL plus VLDL cholesterol on the high fat diet (Table I ). All other parameters measured were similar in both males and females.
Inheritance of lipoprotein phenotypes. The (Table II) . Total cholesterol levels were very strongly correlated with HDL cholesterol levels on a chow diet (r = 0.95) and with LDL plus VLDL on a high fat diet (r = 0.78). The two major proteins associated with HDL, apoAI and apoAII, both demonstrated strong positive correlations with HDL levels. However, the levels of apoAI and apoAII on a chow diet were only poorly correlated with each other, suggesting that these proteins are regulated independently. The levels of triglycerides were positively correlated with the levels of HDL cholesterol on both chow (r = 0.32) and high fat (r = 0.72) diets. These correlations suggest interactions between the metabolism of triglyceride-rich lipoproteins and HDL, but they contrast with results found in human studies which indicate negative correlations between triglyceride and HDL levels (3).
Identification ofgenetic loci contributing to plasma lipoprotein and apolipoprotein levels. We attempted to type genetic markers in the (NZB x SM) F2 mice at intervals of 20 centimorgans (cM) or less throughout the 1,500-cM mouse genome to test for linkage to lipoprotein traits. Since the number of loci contributing to lipoprotein variations between the parental strains is unknown, we chose to construct a relatively dense map, such that the underlying genes would be 10 cM or less from a typed genetic marker, to maximize the power for detection of linkage. Highly polymorphic simple sequence repeat (microsatellite) markers (28) were tested for polymorphisms between the parental strains, and informative markers (about half of those tested) were used to type the 184 (NZB X SM) F2 progeny. Altogether, 125 microsatellite markers spanning all 20 chromosomes (excluding the Y) were typed. The resulting linkage map is shown in Fig. 3 . Due to a failure in some cases to identify informative markers, gaps in the linkage map of > 20 cM are present within a small number of chromosomal regions. Because many of the markers were previously mapped in only a small number of progeny from genetic crosses, resulting in large uncertainty in the locations of the markers, the map is in many areas much denser than anticipated.
We searched for genetic loci underlying the lipoprotein traits measured in the F2 mice by statistical analysis using the MAP-MAKER/QTL program (11) . The strength of association between genotypes at each locus and of the phenotype under investigation is expressed as the loglo of the likelihood of the odds-ratio, or "lod" score. Simulation studies suggest that for the density of markers scored in our cross, a lod score of 3 or greater is statistically significant, indicating a high probability of linkage (11) . As discussed below, however, this threshold should be increased because multiple traits were examined. The MAPMAKER/QTL program calculates lod scores at 2-cM intervals between markers by estimating the most likely genotype at each interval. Peak lod scores indicate the most likely locations of genes contributing to the lipoprotein traits measured.
Suggestive or significant lod scores (> 3.0) observed in the F2 mice are listed in Table III . Plots of lod score values versus genetic markers are presented for the loci exhibiting the largest peak lod scores (> 5.0) in Figs. 4-6. Five loci were identified for total cholesterol levels, three for HDL cholesterol levels, four for LDL + VLDL cholesterol levels, three for triglyceride levels, three for free fatty acid levels, and three for apoAII levels (DlMit36, and two loci on chromosome 5 using D5Mit61 and D5Mit43). No loci with significant effects on apoAl levels or apoAIV levels were observed. Some loci exhibited gender differences, where the effects of a particular locus on a phenotypic trait was much stronger in one sex than in the other. These included loci on chromosome 5 for total cholesterol, HDL cholesterol, and apoAII levels, on chromosome 9 for LDL+VLDL cholesterol levels, and on chromosome 1 for free fatty acid levels (Table III) . Several of the observed linkages were also specific for only one of the two diets studied. In particular, three out of four loci observed for LDL+VLDL cholesterol levels and all of the loci observed for triglyceride and free fatty acid levels were specific for the high fat diet.
The strongest linkages were observed for the distal region of chromosome 1, which contained coincidental lod score peaks for plasma HDL cholesterol and apoAII levels (Table IV) . This chromosomal region contains the apoAII structural gene (designated Apoa2), suggesting that genetic variations of this Chromosome 5 contained additional coincidental loci for total cholesterol levels on a chow diet (lod score 6.7), HDL cholesterol levels on a chow diet (lod score 5.3), and HDL cholesterol levels on a high fat diet (lod score 5.6). The fact that the peak lod scores were found in a similar region of the chromosome (between markers DSMit25 and DSMit3O) suggests that a single gene is responsible for the three traits. Interestingly, while this gene influenced HDL cholesterol levels in both males and females, its effect was much more pronounced in females. For example, in the instance of HDL cholesterol levels on a high fat diet, the calculated lod score at marker DSMit25 was 4.6 for females and only 2.2 for males. A similar large difference between sexes was observed using either total cholesterol or HDL cholesterol levels on a chow diet. In this regard it is noteworthy that the HDL cholesterol levels varied significantly between males and females of the parental strains (Table I ). This region of chromosome 5 does not correspond to any previously mapped candidate genes, such as apolipoproteins, lipases, enzymes that mediate lipid synthesis and transport, or lipoprotein receptors (35) . Table IV shows the levels of total cholesterol and HDL cholesterol levels by genotype at the DSMit25 locus. When male and female values were considered together (Table IV, (35) . The linkages on chromosomes 9 and 12 were observed primarily in males, with lod scores < 1.1 for females, whereas the linkages on chromosomes 13 and 15 were about equally strong in both sexes (Table III) . It is noteworthy that significant differences in LDL+VLDL levels on a high fat diet were observed between male and female SM mice (Table I) . Together, the chromosome 9, 12, and 15 loci explain > 40% of the variance of LDL+VLDL cholesterol levels on the high fat diet (Table HI) .
A locus on the proximal region of chromosome 7 exhibited strong linkage with total plasma triglyceride levels (lod 5.1) and free fatty acid levels (lod 5.6) in mice maintained on a high fat diet but not on a chow diet (Fig. 5) . The loci coincided almost precisely, suggesting that they result from a single gene located near the D7Mit55 marker. This marker resides near the genes for hormone-sensitive lipase and the apoE-CI-CII gene cluster, candidate genes which could influence triglyceride and free fatty acid metabolism (see Discussion).
Linkage of apoAII levels and HDL cholesterol levels to a chromosome I locus is explained by apoAII gene variation. As discussed above, the levels of apoAll and HDL cholesterol were linked in F2 mice to a region of chromosome 1 of the F2 progeny and allowed mapping of the Apoa2 gene to a region 4.0 cM distal (with respect to the centromere) to DJMit36 and 15.5 cM proximal to DJMitJ7 (Fig. 3) . This placed Apoa2 precisely under the peak lod scores for plasma apoAII and HDL cholesterol levels (Fig. 3) , supporting the possibility that variations of the Apoa2 gene contribute to apoAll and HDL cholesterol levels.
On a chow diet, the Apoa2 locus explained 42% of the variance in apoAlI levels and 18% of the variance in HDL cholesterol levels (Table III) . On the high fat diet, the effect of the Apoa2 locus was reduced, explaining 23% of the variance in apoAII levels and 7% of the variance in HDL cholesterol levels. The effect of the Apoa2 locus on these traits is evident when average values for apoAll and HDL cholesterol levels within each of the three possible genotypes (homozygous for either the NZB or SM allele, and heterozygous) are calculated (Table V) ship between the levels of apoAII and the levels of HDL cholesterol (Table II 1 with DiMitI nearest to the centromere and DiMiti 7 the most distal marker. Lod scores were calculated and plotted at 2-cM intervals. For specific distances between markers, refer to Fig. 3 A. All values were adjusted to correct for differences due to sex and age.
that, on a chow diet, parental strains NZB and SM exhibit about a 10-fold difference in plasma apoAII expression (21 and 2 mg/dl, respectively) and that about one-third of this can be explained by the apoAII structural gene locus on chromosome 1 (Table III) . As the liver is the only detectable site of apoAII gene expression (26), we compared apoAII mRNA levels from the livers of chow-and high fat-fed NZB and SM parental animals. Although there were no significant differences in apoAII mRNA levels between NZB and SM animals fed a high fat diet, there was an 1.5-2-fold higher apoAII mRNA level in chow-fed SM animals relative to chow-fed NZB animals. This difference in apoAll mRNA levels in chow-fed animals is not a major determinant of apoAII levels in the two strains, as NZB has a 10-fold higher plasma apoAII level compared with SM. Thus, the cis component controlling apoAII expression (that component determined by the apoAII structural gene) must result from genetic alterations of the apoAII mRNA affecting the translation, secretion, and/or turnover of the apoAII protein. Therefore, we sequenced the cDNA of apoAII for each strain (Fig. 7) . Two adjacent base pairs were found to differ between the two strains resulting in a proline in NZB and a glutamine in SM at position 5 of the mature protein. Table VI . The relative rate of synthesis for the NZB mice ranged from 0.12% to 0.20%, and the range for the SM mice was 0.14-0.22%. Although there was some variability 
Animal models provide a general means for the identification of genetic factors contributing to complex, multifactorial traits (11, 13) . Thus, the genotyping and phenotyping of progeny from genetic crosses between inbred strains differing for a complex trait of interest allows identification of the chromosomal regions contributing to that trait. We (35) , this finding suggests the existence of novel genes that make important contributions to lipoprotein metabolism. Several of the loci identified were specific for either the chow or high fat diet, thus identifying elements which contribute to genetic-dietary interactions. Of the loci which corresponded to known candidate genes, we examined one in detail, that being the locus found at the Apoa2 gene on chromosome 1. The results provide strong confirmatory evidence that variations in the expression of apoAII contribute importantly to plasma levels of HDL cholesterol on both chow and high fat diets. They also provide a striking example of posttranscriptional regulation of protein expression.
Linkage analysis. A major issue with modem linkage and especially QTL mapping is the problem of the level of significance required to establish a statistically valid result. Simulation studies have provided guidelines for lod thresholds as a function of the genome size and the density of markers scored (1 1, 14) .
For the density of markers scored in our cross in the mouse (with a total genome size of -1,500 cM) such estimates sug- gest that a lod score of -3 would ensure that the chance of observing a false positive is < 5% (Fig. 4 of reference 11) . However, there are now a number of examples where reported significant linkages have failed the test of replication (14) . Moreover, because multiple traits were typed (a total of 8) and because data were analyzed separately in males and females and using chow and high fat diets, the thresholds must be increased to take into account these additional comparisons (8 traits x 2 sexes x 2 diets = 32 comparisons). If the traits scored were independent, the threshold level adjustment would be straightforward, but, clearly, many of the traits are highly correlated (Table II) , indicating that a much smaller adjustment would be appropriate. The precise amount of adjustment required, however, is unclear. Although adjustments for multiple trait comparisons have usually been ignored in studies of complex traits in both animal models and humans, simultaneous analysis of multiple traits frequently will be both scientifically and economically advantageous.
Given the problem of multiple comparisons, we have adopted a conservative threshold of lod = 5.0 for establishment of linkage. This threshold is in excess of that calculated by adjustment for multiple comparisons, particularly given the relatedness of the traits typed. We also report linkages in excess of 3.0, although these require confirmation and should be considered hypothesis generating.
Coincidence mapping. Our results provide very strong evidence that a locus on chromosome 7 contributes to both plasma triglyceride and free fatty acid levels. Thus, the lod scores observed (5.6 and 5.1, respectively) correspond to likelihood ratios (the ratio of the likelihood of linkage to the likelihood of no linkage) considerably > 100,000:1. A promising candidate gene that has been mapped to this region is that for hormonesensitive lipase, an enzyme that functions in the hydrolysis of triglycerides in certain tissues, releasing free fatty acids into the circulation (36) . No known variations in hormone-sensitive lipase have been described previously. Other candidates residing at the chromosome 7 locus are members of the apoE-apoCIIapoCI gene cluster. Each of these apolipoproteins functions in the metabolism of triglyceride-rich lipoproteins, but there is no evidence that they would influence free fatty acid levels. The effect of the chromosome 7 locus on triglyceride levels may be secondary, since free fatty acids are thought to stimulate VLDL synthesis (37) .
Our study revealed strong evidence for linkage of apoAII levels and HDL cholesterol levels with the apoAII structural gene on chromosome 1. Several observations support the conclusion that variations of the apoAII gene influence plasma apoAII levels which in turn influence HDL cholesterol levels. First, the peak lod scores for both apoAII levels and HDL cholesterol levels were precisely coincident with the Apoa2 gene. The locus accounted for -42% of plasma apoAII variance and 18% of HDL cholesterol variance for chow-fed animals. Second, plasma apoAII levels were correlated with HDL cholesterol levels on both chow (rho = 0.43) and high fat (rho = 0.63) diets. Third, although mRNA levels for apoAll exhibited only small differences between chow-fed parental strains and no significant differences between high fat-fed parental strains, gene sequencing revealed two nucleotide substitutions in the coding regions of the apoAII transcript resulting in a single amino acid difference between the apoAll of NZB and SM. These findings were consistent with other recent studies. One study with recombinant inbred strains of mice suggested that apoAII expression could contribute to HDL cholesterol levels, but because of the small number of available recombinant inbred strains these results were not conclusive (23).
Strong evidence that apoAll contributes to HDL cholesterol levels was obtained in studies with transgenic mice overexpressing mouse apoAII (24, 33) . However, such transgenic studies were pharmacologic in the sense that the effects from the unusually high levels of apoAII (severalfold higher than observed in native mice) may have resulted from nonphysiologic mechanisms.
Novel genes contributing to lipoprotein metabolism. Most of the loci identified in this study did not coincide with the positions of known candidate genes. Evidence for the importance of several of these loci is very strong; for example, the chromosome 5 region that controls HDL cholesterol levels exhibits a likelihood ratio greater than one million to one. Such loci can now be isolated by specific breeding onto common genetic backgrounds as congenic strains, making possible fine structure mapping and positional cloning (35) . It (38) .
It is of interest that the loci for total cholesterol levels identified in this cross between NZB and SM were noncoincidental with two loci identified for total cholesterol on chromosomes 6 and 7 in a cross between Mus spretus and C57BL/6J (17) . This difference in detectable loci between different sets of crosses may be reflective of differences in the strength of the contributing QTLs among the strains involved in a particular cross. Different genetic backgrounds can influence the strength of a QTL. For example, this modifying role of genetic background upon QTL strength has been observed in crosses involving the Multiple intestinal neoplasia (Min) mouse (39) .
Genetic-dietary interactions and gender effects in lipoprotein metabolism. Genetically determined differences in the responsiveness to dietary cholesterol and fat occur in human populations but have proven difficult to examine in detail (40) . Our results have revealed several genetic loci in mice whose effects are specific for a particular diet. The isolation of these loci by selective breeding should facilitate biochemical and physiologic studies to examine the specific properties of the underlying genes within these chromosomal regions.
Similarly, several loci were also gender specific. This is not unexpected since both mice and humans exhibit substantial gender-dependent differences in lipoprotein metabolism and susceptibility to atherosclerosis. For example, women tend to have higher HDL cholesterol levels and lower LDL cholesterol levels than men, and before menopause women are less susceptible to atherosclerosis than men. On the other hand, in certain strains of mice it is the females that exhibit lower HDL cholesterol levels than the males, particularly when maintained on a high fat diet, and females tend to be more susceptible to the development of aortic fatty streak lesions than males (22, 32, 33) . Strain C57BL/6J mice have been studied .in the greatest detail. On a chow diet, both male and female C57BL/6J mice have comparable HDL cholesterol levels, but when maintained on high fat, atherogenic diets, similar to that used in this study, the HDL cholesterol levels of females, but not males, decrease about twofold. Genetic studies with recombinant inbred strains derived from C57BL/6J and various other strains in which female mice maintain high HDL cholesterol levels on a high fat diet have suggested the existence of two major genes, designated Ath-J and Ath-2, which control the response of HDL cholesterol levels to a high fat diet as well as susceptibility to atherosclerosis (22, 41) . Unfortunately, the relatively small number of different recombinant inbred strains currently available has allowed only tentative mapping of these genes. The gender-specific loci identified in this study could potentially contribute to such sex-specific, but genetically determined, changes in lipoprotein levels. In regard to Ath-] and Ath-2, the chromosome 5 locus for HDL cholesterol is of particular interest since its effects are largely restricted to females.
Posttranscriptional regulation of apoAIl expression. 42% of the plasma apoAII variance in F2 animals on a chow diet and 23% of the apoAII variance in F2 animals on a high fat diet could be attributed to the apoAII locus. The lack of significant mRNA differences between the high fat-fed parental NZB and SM strains indicates that the effect of the apoAII locus on apoAII levels is predominantly posttranscriptional. Moreover, the failure to observe any significant differences between the relative rates of apoAII synthesis in chow-fed animals implies a posttranslational mechanism affecting the apoAII clearance rate between the two strains.
The lack of any major effect on the rate of apoAII synthesis resulting from the proline to glutamine substitution at position 5 of the mature apoAll protein in SM suggests a possible mechanism contributing to the differences in apoAII levels between the two strains. It has been shown that the presence of a glutamine residue at position 5 of apoAII results in apoAll amyloid deposition in the senescence-accelerated prone mouse (SAM-P) strains before 1 yr of age (42, 43) . Moreover, it has been shown that there is an increase in the rate of apoAll clearance from plasma before amyloid deposition in the SAM-P strains carrying the glutamine residue (44). The 
